We present the molecular cloud properties of N 55 in the Large Magellanic Cloud using 12 CO(1-0) and 13 CO(1-0) observations obtained with Atacama Large Millimeter Array. We have done a detailed study of molecular gas properties, to understand how the cloud properties of N 55 differ from Galactic clouds. Most CO emission appears clumpy in N 55, and molecular cores that have YSOs show larger linewidths and masses. The massive clumps are associated with high and intermediate mass YSOs. The clump masses are determined by local thermodynamic equilibrium and virial analysis of the 12 CO and 13 CO emissions. These mass estimates lead to the conclusion that, (a) the clumps are in self-gravitational virial equilibrium, and (b) the 12 CO(1-0)-to-H 2 conversion factor, X CO , is 6.5×10 20 cm −2 (K km s −1 ) −1 . This CO-to-H 2 conversion factor for N55 clumps is measured at a spatial scale of ∼0.67 pc, which is about two times higher than the X CO value of Orion cloud at a similar spatial scale. The core mass function of N 55 clearly show a turnover below 200 M , separating the low-mass end from the high-mass end. The low-mass end of the 12 CO mass spectrum is fitted with a power law of index 0.5±0.1, while for 13 CO it is fitted with a power law index 0.6±0.2. In the high-mass end, the core mass spectrum is fitted with a power index of 2.0±0.3 for 12 CO, and with 2.5±0.4 for 13 CO. This power-law behavior of the core mass function in N 55 is consistent with many Galactic clouds.
INTRODUCTION
Most stars form as clusters in Giant Molecular Clouds (GMCs) which encompass cold molecular gas and dust with masses ∼10 4−5 M . Therefore, understanding the evolution of dust and gas in GMCs is important to understand the formation of stars in galaxies. The GMCs are composed of sub-parsec-sized clumps, the size of which is determined by the forces of gravity and magneto-turbulent pressure. Stars form inside these clumps, hence a detailed understanding of the star formation process requires a sub-parsec scale resolution view of GMCs and accurate measurements of the physical parameters of these clumps. Star formation requires high-density clumps where most of the interstellar hydrogen should be in the form of molecular, H 2 . Since H 2 , in the form of cold molecular gas, is almost totally undetectable with observations, emission from the tracer CO and its isotopes is widely used in galaxies to estimate the molecular core properties and distribution of GMCs. There have been large-scale molecular surveys undertaken inresolution map of 12 CO(1-0) with 1.2 m Columbia Millimeter-Wave Telescope; 2.6 resolution map of 12 CO(1-0) with the NANTEN 4 m telescope; 45 resolution 12 CO(1-0) targeted mapping of known CO clouds from NANTEN survey with the Mopra telescope (MAGMA Wong et al. (2011) ); 1 resolution individual cloud mapping in 12 CO(1-0) with the Swedish-ESO Submillimetre Telescope (SEST). Fukui et al. (2008) report the CO-to-H 2 conversion factor to be 7×10 20 cm −2 (K km s −1 ) −1 for the molecular clouds in the LMC from the NANTEN survey at angular resolution 2.6 . The size-linewidth relation is found to be consistent with the power law relation proposed by Larson (1981) with power law index of 0.5. Wong et al. (2011) report a much steeper power law relation for size and velocity dispersion. They suggest that this power law relation may break down when the structures are decomposed into smaller structures.
In addition, there has been high spatial resolution (sub-parsec) mapping of 12 CO(2-1) and 13 CO(2-1) observations with the Atacama Large Millimeter Array (ALMA) in the active star-forming regions, 30 Doradus and N 159 west, of the LMC (Indebetouw et al. 2013; Fukui et al. 2015) . Indebetouw et al. (2013) report relatively high velocity dispersions for 30 Doradus clouds and a power law relation inconsistent with those found for Galactic clouds. They suggest the large velocity dispersions for 30 Doradus clouds must be due to pressure confinement where an external force is necessary to hold clumps in equilibrium. Furthermore, the dust mass is found to be a factor of 2 lower than the average value of the LMC, indicating a reduced dust-to-gas mass ratio in 30 Doradus. Fukui et al. (2015) identified protostellar outflows toward two young high-mass stars along with an indication of colliding filaments in N 159 west using 13 CO(2-1) mapping at sub-parsec scale resolution. These observations necessitate a further study of GMC properties in an LMC molecular cloud, where the star formation activity should be comparable to many other Milky Way clouds abiding Larson's scaling relations.
This paper examines the molecular clump properties such as size, velocity dispersion, mass, and their association to star formation in N 55 region of the LMC. This region is less extreme than the well studied 30 Doradus or N 159 environments. We choose this cloud based on our infrared spectroscopic and photometric observations with Spitzer and Hershel space telescopes as part of Surveying the Agents of Galaxy Evolution (SAGE) and the Herschel Inventory of the Agents of Galaxy Evolution (HERITAGE) of the LMC (Meixner et al. 2006 (Meixner et al. , 2010 . With infrared spectrograph on Spitzer (as part of SAGE), we have detected the H 2 rotational transitions at 28.2 and 17.1 µm (Naslim et al. 2015) in N55. The clumpy and filamentary structures of H 2 emission in N 55 spatially resemble the distribution of polycyclic aromatic hydrocarbon (PAH) emission traced by Spitzer InfraRed Array Camera (IRAC) 8.0 µm as well as the dust emission traced by Herschel Photodetector Array Camera and Spectrometer (PACS) 100 µm. A detailed analysis of the infrared observations of this region will be presented in a future paper. In this paper, we aim to determine how (dis-)similar the N 55 clumps are from Milky Way clumps and 30 Doradus. We study the molecular clump scaling relations of N 55 and investigate whether the power law relations for Milky Way clouds hold in a sub-solar metallicity environment.
N 55 MOLECULAR CLOUD
N 55 is located inside LMC 4, the largest Supergiant Shell (SGS) in the LMC (Yamaguchi et al. 2001) . The LMC 4 has a diameter of about 1.5 kpc. A study of the Hα map by Olsen et al. (2001) shows that the H ii region of N 55 may be excited by a young cluster, LH 72, containing at least 8 O and B type stars. Olsen et al. (2001) also reported the LMC 4 was not formed as a unit, but by overlapping shells, and N 55 seems to be associated with one of the overlapping shells SGS 14, which may have triggered the formation of LH 72. Therefore N 55 seems to be located in an environment of multiple supernova explosions, the most recent one being SGS 14. Complex filamentary structures are especially prominent toward N 55 in Spitzer SAGE images (Figure 1) , which show the distribution of hot gas and photo-dissociated PAHs in the interstellar medium. These filamentary structures may be due to instabilities enhanced by shocks. Shocks of supernova explosions are reported to be a cause of the enhanced filamentary structures and dense clumps in molecular clouds (Ntormousi et al. 2011) . The clumpy nature of the molecular gas in N 55 is revealed by 12 CO(3-2) emission observed with Atacama Submillimeter Telescope Experiment (ASTE) (Figure 1 ). The interior of LMC 4 is otherwise almost empty of ionized and atomic gas, while N 55 stands out as a bright H ii region in Hα map (Olsen et al. 2001) . The formation of LMC 4 and the survival of N 55 have been debated for a decade. Suggestions include supernova explosions, gamma ray bursts, stellar winds from massive stars in LH 72 or stochastic propagation of star formation which have cleared out the gas from the interior (Book et al. 2009 ). Book et al. (2009) suggest that star formation was likely triggered by the compression of a pre-existing cloud in the expanding shell, LMC 4, as evidenced by the distribution and kinematics of the gas in the expanding LMC 4 (Israel et al. 2003 15 pc Figure 1 . The structure of N 55 is shown in a composition of three color map: in blue, Spitzer IRAC 5.8 µm which traces infrared bright sources, in green Spitzer IRAC 8.0 µm which traces the PAH emission and in red MIPS 24 µm tracing hot dust heated by hard radiation from massive stars. The hot stars from Olsen et al. (2001) are labelled in crosses. For comparison, 12 CO(3-2) emission observed with ASTE is shown in contours, tracing warm molecular gas.
Spitzer colors of point sources, and Seale et al. (2014) 0.30 K) . Note that, our 13 CO(1-0) data are three times more sensitive than the 12 CO(1-0) data, due to the longer integration time and four repeated observations of the 13 CO. The details of observations are given in Table 1 . The typical system noise temperatures of the 12 CO and the 13 CO are ∼170 K and ∼90 K. We use a moment masked cube (Dame 2011) to suppress the noise effect in our analysis. The moment masked cube has zero values at the emission free pixels, which is useful to avoid a large error arising from the random noise. The emission-free pixels are determined by identifying significant emission from the smoothed data whose noise level is much lower than the original data. The caveat of this method is that it eliminates small clouds with low peak intensity because we smooth the data both for the velocity and spatial directions (Dame 2011) . In order to determine the fraction of missing flux caused by interferometric observation with ALMA 12 m array, we compare our data with the single dish Mopra 12 CO(1-0) (left) and 13 CO(1-0) (right) integrated intensity maps of N 55. The YSOs identified with Spitzer (greenwhite crosses) and Herschel (red-white crosses) are labelled Seale et al. 2014 ).
observation of
12 CO(1-0). About 30% of the ALMA flux is missing when smoothed to 45" and compared to the Mopra observations.
MOLECULAR GAS DISTRIBUTION IN N 55
Our 12 CO(1-0) and 13 CO(1-0) observations with ALMA show the clumpy nature of molecular gas in N 55 at subparsec scale (Figure 2 ). It is clearly seen by eye that compact molecular clumps are distributed along the filamentary structure of PAH emission traced by IRAC 8.0 µm (Figure 3) . The 12 CO(1-0) integrated intensity map appears to be relatively extended, compared to that of its isotopologue 13 CO(1-0) which is clumpier and most of the clumps are clearly delineated by the Spitzer-identified YSO candidates (Table 2 ). These YSO positions are shown in Figure 2 along with 12 CO(1-0) and 13 CO(1-0) integrated intensity maps. Many clouds show numerous sub-clumps and these sub-clumps (molecular cores) are associated with YSOs. The filamentary structures traced by 12 CO(1-0) follows that of the PAHs traced by IRAC 8.0 µm map (Figure 3 ). These observations may indicate that the CO is mostly excited in the same regions where the dust is photoelectrically heated by ultraviolet radiation. Since the structure is very complex, we identify the clumps and determine their properties using a dendrogram method.
MOLECULAR MASS DETERMINATION
We determine the molecular gas mass using virial and local thermodynamic equilibrium (LTE) assumptions. In order to determine the LTE mass (M LTE ) from 13 CO(1-0) emission, we need to calculate column density and assume that the excitation temperature for 13 CO(1-0) is the same as the 12 CO(1-0) emission. To derive the 13 CO(1-0) column density we follow the method given by Dickman (1978) , Pineda et al. (2008) , Pineda et al. (2010) and Nishimura et al. 2015) . Assuming that the emission is optically thin and in LTE, we derive the column density using the following formula .
(1)
In equation 1, W (CO) is the integrated intensity ( T mb dv) of 13 CO(1-0) in K km s −1 . To derive column density of 13 CO(1-0), we require the excitation temperature T ex and optical depth τ . The excitation temperature T ex at each position in 0.2 km s −1 wide channel is determined from the peak temperature (T12 CO ) of the optically thick 12 CO line.
Using the excitation temperature derived from the above equation we calculate 13 CO optical depth for each position in 0.2 km s −1 wide channel along the line of sight using the following equation:
Here T max is the main beam brightness temperature at the peak of the 13 CO emission. The assumption of optically thin 13 CO(1-0) emission and identical excitation temperatures for 13 CO(1-0) and 12 CO(1-0) in LTE, may cause several systematic errors in mass determination. In reality, the excitation condition for 12 CO(1-0) and 13 CO(1-0) is not the same throughout the cloud, as both these emission sample different volume densities. Moreover, the excitation of 13 CO(1-0) is not fully thermalized in most of the cloud volume, however 12 CO(1-0) can be thermalized even at densities lower than 12 CO critical density (nH 2 <750 cm 3 ). Heyer et al. (2009) have quantitatively checked these effects by comparing the column densities derived by the LTE method with models obtained for several sets of cloud conditions using a large velocity gradient (LVG) approximation. They found that the LTE method can either underestimate or overestimate the input column density. In our study the typical densities of the cloud is nH 2 > 1000 cm −3 . Based on Figure 6 in Heyer et al. (2009) the ratio of LTE to LVG model masses is around unity, however there is a scatter about 40%.
We derive the total molecular gas mass using (Mizuno et al. 2010 ). Hence, we obtain an H 2 column density of N (H 2 ) = 50 1.6×10 −5 N ( 13 CO). Finally, the molecular gas mass is calculated from N (H 2 ) at the LMC distance, assuming that the mean molecular weight per H 2 is 2.7.
We applied the above formula to molecular clumps of 13 CO(1-0) obtained with our clump decomposition method astrodendro (section 6) and derived the LTE mass M LTE for each clump, where the excitation temperature of 13 CO(1-0) is obtained from the T ex map (Figure 4 ) derived from equation 2.
In addition to the LTE mass, we derive virial masses for 13 CO(1-0) and 12 CO(1-0) clumps. We assume that clouds are spherical with a truncated density profile, ρ ∼r −1 , and derive the virial mass from the radius (R) and velocity dispersion (σ v ) of the clump (Wong et al. 2011) as,
6. CLUMP DECOMPOSITION USING ASTRODENDRO
The structure of molecular clouds is highly hierarchical. Small scale dense molecular cores are invariably enclosed within the envelope of large scale lower density gas (Lada 1992) . These sub-parsec scale (∼0.1 pc) dense cores are the sites for high mass star formation inside molecular clouds. Probing the properties such as mass, radius and velocity dispersion of these cores, allow us to understand the mass function as well as conditions for star formation because of their close relationship with newly formed stars (di Francesco et al. 2007) . In order to determine the properties of molecular clouds in 13 CO(1-0) and 12 CO(1-0) emission, we use the python package astrodendro. The concept of dendrograms to characterize the structures of molecular gas as a "structure tree" in a three-dimensional data cube was first introduced by Houlahan & Scalo (1992) . A more systematic way of a clump-finding algorithm using a dendrogram method was later implemented by Rosolowsky et al. (2008) , who showed how to graphically represent the hierarchical structure of nested isosurfaces in three-dimensional data cubes. A dendrogram is composed of leaves and branches where each entity in the dendrogram is represented as an isosurface (three-dimensional contour) in the data cube. The leaves are the brightest and smallest structures that represent three-dimensional contours with single local maxima. The local maxima represent the top level of the dendrogram which are the brightest structures (dense molecular cores) that we refer as leaves. Branches represent parent structures which connect two leaves and form larger structures that represent lower density media. Finally, all leaves and branches merge together to form trunks of the tree. In this paper molecular cores are the structures which are identified as dendrogram leaves. Most of the leaves are of sub-parsec scale size. The clumps are those identified as dendrogram trunks which are mostly of parsec scale size. A cluster of clumps and cores is referred to as a cloud. With the use of dendrogram, we can represent the complexity of molecular clouds effectively over a range of size scales starting from low-density gas in the bottom level.
Astrodendro identifies unique isosurfaces from each region of emission in a three-dimensional data cube and computes the properties based on the moment of volume weighted intensities of emission from every pixel . The data cube consists of two spatial dimensions (X and Y) and a velocity dimension (V). The rms sizes (Colombo et al. 2015 ) of a clump in two spatial dimensions (σ x and σ y ), i.e. along the major axis and minor axis are computed from the intensity-weighted second moments in two dimensions, dx and dy. The geometric mean of these second spatial moment along the major and minor axis of the clump is the final rms radius of a clump (σ r ). The rms radius in the second spatial moments obtained from astrodendro is converted into the radius of a spherical cloud R = 1.91σ r (Solomon et al. 1987) .
The velocity dispersion, σ v , is the intensity-weighted second moment of the velocity axis. The sum of all emission within an isosurface is the flux of a clump (F= T i dxdydv), where T i is the brightness temperature. The luminosity of a clump is the integrated flux scaled by the square of the distance to the object in parsec.
To determine the uncertainties in the derived parameters, we use a bootstrapping technique similar to the method given in Rosolowsky et al. (2008) . We use 100 iterations to sample the derived parameters. Tables 3 and 4 list 12 CO and 13 CO clump (astrodendro trunk) properties. The size and linewidth determinations can be biased by the limited instrumental resolution and sensitivity. This can be particularly important when the extent of the intensity distribution is comparable to the instrumental profile, e.g., the structures have sizes similar to or less than the beam width. Rosolowsky & Leroy (2006) applied a correction for this bias by extrapolating the size, linewidth, and flux to a zero noise level and then deconvolving the instrumental resolution. To determine the deconvolved sizes, for instance, they subtracted the rms beam size from the extrapolated spatial moments along the major and minor axes of the clump, (σ x , σ y ), in quadrature. They found that without deconvolution, the resolution effect can exaggerate the clump size by ∼40%, and that applying their deconvolution method recovers the size to within 10% for S/N ratios greater than 5. The chief drawback to this approach is the required extrapolation to the zero intensity level, which is much less reliable for blended structures (such as clumps within a molecular cloud) than for isolated, discrete structures. For instance, Wong et al. (2008) showed that extrapolation increases the 13 CO clump masses in the RCW 106 GMC by roughly an order of magnitude, violating the limit imposed by the total map flux. On the other hand, deconvolution without extrapolation would lead to an underestimation of the sizes of structures and lead to many of the smallest structures (what we refer to as cores) having unreliable size because their apparent sizes (above a noise threshold) are less than the beam size. Thus, instead of attempting to correct for instrumental resolution, we indicate the regions (as shaded blue) where the resolution significantly affects the values in the histogram and correlation plots (Figures 5, 6 and 10). The channel width divided by √ 8 ln 2 is taken as resolution in σ v , and the beam width multiplied by 1.91 and divided by √ 8 ln 2 is taken as resolution in radius Wong et al. (2017) . In our analysis the sizes of all identified dendrogram trunks are above the resolution limit (∼ 0.55 pc), hence these structures are large enough to resolve the clumps. About 30% of the dendrogram leaves are having a size below the resolution limit which are the smallest structures in the dendrogram. We do not consider those as reliable structures.
7. RESULTS
Molecular clump properties and association with YSOs
Our dendrogram analysis on 13 CO(1-0) and 12 CO(1-0) emission provides the cloud properties such as size, velocity dispersion, and mass of N 55. We use these properties to understand the close relation of star formation with molecular cores. We derive the apparent velocity width ∆V , FWHM, of each clump by multiplying the velocity dispersion σ v with 2 √ 2ln2, assuming a Gaussian distribution. We compare the sizes and velocity widths of molecular clumps in N 55 with YSOs and those without YSOs. For this purpose, we choose the molecular cores in 13 CO(1-0) and 12 CO(1-0) emission that are identified as leaves (Tables 5 and  6 ) with astrodendro where the stars are assumed to be formed. The size distribution of 13 CO(1-0) and 12 CO(1-0) cores are given as histograms in Figure 5 . Radii of 13 CO(1-0) dense cores with YSOs range from 0.55 to 0.9 pc and those with larger 0.95-1.2 pc do not show YSOs. In Figure 5 , the shaded blue indicates the region where the observation resolution affects the sizes. About 30% of CO cores have sizes less than the instrumental resolution, those we do not consider as relevant structures in our analysis. The positions of all identified YSOs and associated molecular clumps are given in Table 2 .
The velocity width distributions for 12 CO(1-0) and 13 CO(1-0) emission are shown in Figure 6 . Those with YSOs are shown (in red) for comparison. We note that YSOs are embedded within 13 CO(1-0) dense cores with larger velocity widths (0.9-2.0 km s −1 ). The distribution of 12 CO(1-0) velocity widths shows a peak at 0.4 km s −1 and the velocity width tail extends up to 4.6 km s −1 . The 12 CO(1-0) velocity widths for star forming cores range from 0.8-2.5 km s −1 . The 13 CO(1-0) velocity widths peak at 0.8 km s −1 and show a velocity width tail extending up to 2.1 km s −1 . The large velocity width in general suggests the effect of internal turbulence in molecular cores. If the observed velocity width is higher than the thermal velocity width, the molecular cores are expected to be dominated by non-thermal motions.
According to Myers et al. (1991) and Ikeda et al. (2007) , the massive star-forming cores with turbulent and thermal motion can be differentiated on the basis of their critical velocity width, dv cr , at which thermal and nonthermal velocity components are equal. The cores are considered to be thermal or nonthermal if the nonthermal velocity component is significantly less than or greater than the thermal velocity. Therefore, the cores with observed velocity width greater than the dv cr is considered as turbulent. In figure 6 we indicate the critical velocity widths calculated from equation 8 of Ikeda et al. (2007) for 13 CO(1-0) and 12 CO(1-0) with the vertical lines at 0.861 and 0.863 km s −1 respectively. We note that all star-forming 13 CO(1-0) and 12 CO(1-0) cores, have linewidths ≥ dv cr , indicating some effect of turbulence. In Figure 7 , we compare the distribution of LTE masses of molecular cores with (red) and without (yellow) YSOs. We find that 50% of massive cores (≥500M ) are associated with YSOs. Figure 8 shows the relationship between LTE and virial masses for clumps with YSOs and those without YSOs. The relationship is fitted with a power law of M VIR =1.75M 0.68±0.12 LTE with a correlation coefficient 0.8 which indicates a tight correlation. The ratio of LTE mass to virial mass shows an average value of 1.12, including all star-forming and non-star-forming clumps. The star-forming clumps cluster around the power law line M VIR =1.75M 0.68±0.12 LTE . Three massive clumps with YSOs have LTE masses three times larger than their virial masses, and all other star-forming clumps have LTE masses consistent with virial masses. These results indicate that most of the star-forming and non-star-forming cores are gravitationally bound.
Scaling relations

Size-linewidth relation
In order to check the virial boundedness of the clumps we test the relationship between the mass surface density, size and linewidth of the clumps (Heyer et al. 2009 ), since the virial theorem links those three basic parameters. Leroy et al. (2015) have reported a diagnostic diagram relating the size-linewidth coefficient σ 2 v /R with mass surface density to distinguish the pressure-bound clouds from gravity-bound. For this relation, the mass surface density is obtained from the LTE assumption. In figure 9 we show the σ 2 v /R -surface density relation for N 55
13 CO(1-0) clumps, where the mass densities are derived from the LTE assumption. For comparison we show the Milky Way clouds (Heyer et al. 2009 ) which are observed with spatial scale 3.5 − 13 pc and spectral resolution 1 km s −1 , the Milky Way center clouds (Oka et al. 2001 ) observed with 1.4 pc spatial and 2 km s −1 spectral resolutions, the Milky Way outer clouds (Heyer et al. 2001 ) observed with 0.4 − 4.5 pc spatial and 0.98 km s −1 spectral resolutions, M51 clouds (Colombo et al. 2014 ) observed with 40 pc spatial and 5 km s −1 spectral resolution, and the LMC clouds from 12 CO(1-0) Mopra survey (Wong et al. 2011 ) with 14.5 pc spatial and 0.5 km s −1 spectral resolutions. The solid curves are σ 2 v /R as a function of surface density for a range of external pressures 10 4 -10 8 cm −3 K (Field et al. 2011) . σ 2 v /R roughly shows a linear relation with mass surface density for N55 clumps, many Milky Way GMCs and the LMC clouds, while the Milky Way center and outer clouds show deviation from the linear trend. If the clouds are in virial equilibrium, i.e. with low external pressure, the velocity dispersion of these clouds can be determined from their mass surface density. This relation is shown by a diagonal solid line in Figure 9 , where the mass surface density ∼ 330σ 2 /R. This relation indicates that N 55 clumps 
Virial mass-luminosity relation
The Galactic molecular clouds and low-resolution 12 CO(1-0) observation of the LMC molecular clouds show a power law correlation between 12 CO luminosity and virial mass. Solomon et al. (1987) demonstrated how to use the massluminosity relation of optically thick 12 CO(1-0) lines as a calibrator for total cloud mass, i.e. molecular hydrogen mass. They found a tight correlation between 12 CO(1-0) luminosity and virial mass with a power law index of 0.81 for nearly 278 Galactic molecular clouds. Figure 11 compares the virial mass versus the 12 CO(1-0) luminosity relation of N 55 clumps with the Orion molecular cloud obtained with the NANTEN 4 m telescope (Nishimura et al. 2015) . The N 55 clouds show a power law relation between virial mass and CO luminosity (correlation coefficient 0.6) with a scatter of more than an order of magnitude. The mass-luminosity relation of N 55 in Figure 11 is fitted with a function log(M )=(1.15 ± 0.3) log(L CO ) + 1.0. The Orion cloud shows a power law index of 0.55.
Cloud mass spectrum
The mass spectrum of a distribution of molecular clumps in a cloud is usually represented in a differential form of cloud numbers N i in the mass range between M i and M i + dM , where dM is mass bin. This can be represented as dN/dM = f (M ). It is found that the molecular cloud mass spectrum is often well described by a power law:
The above differential form of the power law can be sensitive to the adopted mass bins, hence a cumulative or a truncated power law is often adopted to represent the mass distribution, dN/dlnM ∝ (M m /M ) α (Kawamura et al. 1998; Indebetouw et al. 2013) . Here dN is the number of clouds in the mass range M i and M i + dlnM , and M m is the upper mass. However, it is much easier to recognize the behavior of a mass spectrum in differential form, as in equation 6. Therefore, in our analysis we use the differential form of clump mass spectrum i.e. dN/dM = f (M ). We find that index of the power law is not affected by the mass bins we adopted.
From the dendrogram analysis of 12 CO(1-0) and 13 CO(1-0) maps, we have obtained two sets of structures, molecular cores (leaves) and clumps (trunks). We use these leaves and trunks separately to construct the mass spectra and compare their trends in Figures 12 and 13 . We compare the mass spectra of N 55 from the virial as well as LTE masses calculated for 12 CO(1-0) and 13 CO(1-0). The trunks reveal the high mass end of mass spectra in both 12 CO(1-0) and 13 CO(1-0) which are fitted with the functions dN/dM ∝ M −1.5±0.15 and dN/dM ∝ M −1.8±0.25 respectively. In Figure 12 a, for comparison we show the mass spectrum of the star-forming region 30 Doradus in the LMC from 12 CO(2-1) clumps observed with ALMA (Indebetouw et al. 2013 ) along with the 12 CO(1-0) clump mass spectrum in N 55. In Figure 12 b, we present the clump mass spectrum for 13 CO(1-0), and compare the power law behavior with Gemini-Augira cloud (in the same mass range 10-10 4 M ) in the Milky Way (Kawamura et al. 1998 ). The dendrogram leaves are tracers of the low-mass cores along with a few high-mass cores which clearly show a turnover below 200 M (Figure 13 Figure 12 . The 12 CO(1-0) and 13 CO(1-0) clump mass spectra obtained from dendrogram trunks are shown in (a) and (b) respectively. The masses are derived from the virial and LTE assumptions. The best fit power-law index for the function dN/dM ∝ M −α is 1.5 ± 0.15 for 12 CO(1-0) and 1.8 ± 0.25 for 13 CO(1-0). For comparison, the clump mass spectra of 30 Doradus (Indebetouw et al. 2013 ) and Gemini-augira clouds (Kawamura et al. 1998 ) are given. Figure 13 . The 12 CO(1-0) and 13 CO(1-0) core mass spectra obtained from dendrogram leaves are given in (a) and (b) respectively. a) The best fit power-law index for 12 CO(1-0) in low-mass end is α=0.5 ± 0.05, and in high-mass end α=2.0 ± 0.3. b) The best fit power-law index for the 13 CO(1-0) core mass spectrum is 0.6 ± 0.2 in low-mass end, and 2.5 ± 0.4 in high-mass end.
8. DISCUSSION
Clump physical properties: size-linewidth relation and mass spectrum
We quantify the molecular clump properties at smaller scales (sub-parsec ∼0.1 pc) and probe the GMC characteristics' close relationship to star formation in N 55 using ALMA observations. In order to investigate, how the N 55 GMC properties differ from those of the Galaxy, we compare the size-linewidth, virial mass-luminosity and clump mass function relations of clouds in N 55 with the Orion molecular cloud, Milky Way outer and inner clouds and Gemini-Augira regions (Figures 10 -13 ). As we have already noted in section 1, the Galactic molecular clouds and many extragalactic clouds which are observed at resolutions of >10 pc show a power law relation between clump size and velocity dispersion σ v : σ v ∝ R β . Does this size-linewidth power law relation hold or breakdown in sub-parsec scales for the LMC? Do we find any deviation in size-linewidth power law behavior at lower metallicity, where the clumps can be highly dissociated by hard UV radiation or perturbed by shocks due to massive star formation? Indebetouw et al. (2013) and Nayak et al. (2016) have reported cloud properties of 30 Doradus using 12 CO(2-1) observations with ALMA. They noticed a large scatter in the size-linewidth relation with relatively high velocity dispersion in 30 Doradus compared to the Galactic clouds, indicating the effect of external pressure in addition to gravitational equilibrium. This behavior can be checked in other star-forming regions in the LMC. The size-linewidth relation in Figure 10 indicates that the N 55 molecular clumps show very similar power law relationship as in the Orion cloud. The Galactic center and 30 Doradus clouds show large velocity dispersions which the authors say may be due to the effect of external pressure. In Figure 9 , we try to evaluate whether any effect of external force is required for equilibrium confinement of N 55 molecular clumps in addition to gravity. Like many Milky Way GMCs and the LMC molecular clouds from the Mopra survey, the N 55 clouds reported in this work cluster around the equilibrium line (solid diagonal line in Figure 9 ) as defined by Leroy et al. (2015) . This relation suggests that N 55 clumps are gravitationally bound. Clouds clustering above this line include GMCs in the outer and center regions of the Milky Way, which require high external pressure for confinement in a high turbulent medium. We note that in N 55 clouds the average ratio of virial mass to LTE mass is 1.12, where the LTE mass versus virial mass relation is fitted with a power law index 0.68±0.12 which is consistent with the power index found for Orion cloud (i.e. gravitationally bound) Liu et al. 2012) .
The core mass distribution is another important characteristic of the molecular cloud population which has a significant impact on star-forming clouds, because of its similarity with the stellar initial mass function. For the inner Milky Way clouds, the mass distribution follows a power law relation dN/dM ∝ M −α where α = 1.5. The surveys of the Local Group galaxies have revealed the power law behavior of cloud mass spectrum (Wong et al. 2011) . The clump mass spectrum of N 55 tends to follow a similar behavior as in 30 Doradus of the LMC, Gemini-Augira cloud, and many other star-forming clouds in the Milky Way. We note that ALMA observation of 12 CO(1-0) and 13 CO(1-0) emission in N 55 reveal more massive clumps than in 30 Doradus by 12 CO(2-1) emission. This may be due to the hard radiation field and preferential destruction of molecular clumps in 30 Doradus. Kawamura et al. (1998) reported a power law index of 1.4-1.9 for Gemini-Augira clouds. Similar studies have been done for Cepheus and Cassiopeia regions with the 13 CO(1-0) survey by Yonekura et al. (1997) . They have compared the mass spectrum behavior of Cepheus and Cassiopeia with several other 13 CO Galactic clouds and reported a power law index in the range of 1.5-1.8 for most of the 13 CO clouds with the mass range 10-10 5 M . This power law behavior of the clump mass spectrum is consistent with many star-forming clouds in the Milky Way, such as Orion Johnstone et al. 2000 Johnstone et al. , 2006 , ρOphiuchi cloud (Motte et al. 1998) , and Taurus (Onishi et al. 2002) . These studies have shown the power law index of 2.0-3.0 in the high-mass part. Our studies show that the mass spectrum index is not dependent on the environments sampled. This study confirms a universal behavior of the clump mass function at smaller spatial scales in a sub-solar metallicity galaxy.
X CO factor
We determine the CO-to-H 2 conversion factor for N 55 molecular clouds using our 12 CO(1-0) observations. Since the determination of molecular hydrogen mass is fundamental to understand the physics of star formation, and a direct detection of bulk H 2 mass is almost impossible, the CO luminosity-mass relation is widely used as a calibrator for measuring the CO-to-H 2 mass conversion factor, X CO (Solomon et al. 1987) . The reason for using the CO luminositymass relation as a calibrator for X CO is that, for gravitationally bound clouds the ratio of virial mass to 12 CO luminosity is directly proportional to the square root of H 2 density and inversely proportional to the average brightness temperature (Solomon & Barrett 1991) . In our analysis, the masses of N 55 clumps are determined by LTE and virial assumption of 12 CO and 13 CO emission. The consistency between LTE mass and virial mass of the clumps along with a virial ratio of 1.12, and the virial equilibrium relationship in the σ 2 /R versus mass surface density plot (where the mass surface density is determined using the LTE method) strongly suggest that N 55 clumps are gravitationally bound. Fukui et al. (2008) reported a power law relation between 12 CO(1-0) luminosity and virial mass with an index of 1.2±0.3 for the LMC molecular clouds. This relation yields an X CO factor of 7×10 20 cm −2 (K km s −1 ) −1 for a total cloud mass of 28×10 5 M and luminosity 2× 10 5 K km s −1 pc 2 using the NANTEN CO survey. Note that the NANTEN CO survey of the LMC has a spatial resolution of 2.6 ∼ 37 pc. Using the Mopra CO data of the LMC at spatial resolution 45 ∼ 11 pc, the value of X CO is reported to be 4×10 20 cm −2 (K km s −1 ) −1 (Hughes et al. 2010 ). The virial mass-luminosity relation of N 55 is fitted with a power law index of 1.15±0.3 (Figure 11 ). This relation yields an X CO factor 6.5×10 20 cm −2 (K km s −1 ) −1 for a total cloud mass of 1.2× 10 5 M and luminosity of 8× 10 3 K km s −1 pc 2 . This X CO factor value is consistent with the value given in Fukui et al. (2008) . In Figure 11 , we compare the mass-luminosity relation of the N 55 clumps with that of Orion cloud. The mass-luminosity relation of the Orion cloud yields an X CO factor comparable to that found for Galactic clouds (Polk et al. 1988 ).
Star formation
In order to investigate the efficiency with which the stars form within the dense cores, we adopt the YSOs identified from Spitzer and Herschel observations. In section 7.1 we compare the physical properties of the star-forming CO cores with the non-star-forming CO cores. We compare the histograms of radius, velocity width, and mass of 13 CO and 12 CO cores. The star-forming CO cores tend to have larger masses compared with the non-star-forming cores. The velocity widths of the 13 CO and 12 CO cores also show a similar trend, where the star-forming cores have a velocity width larger than the critical velocity width. This may indicate some effect of turbulence. This result is consistent with the study of 13 CO clumps in 30 Doradus, where the massive star formation occurs in clumps with high masses and linewidths (Nayak et al. 2016) . The size-linewidth relation of N 55 indicates a negligible effect of external pressure, hence the larger velocity width of star-forming clouds might be due to high radiation fields or shocks caused by nearby massive stars. These findings are consistent with massive star forming regions in Galactic clouds such as Orion molecular cloud ) and Gemini-Augira cloud (Kawamura et al. 1998 ).
Gruendl & Chu (2009) 
SUMMARY
We report the molecular cloud properties of the N 55 star forming region in the LMC with ALMA observations of 12 CO(1-0) and 13 CO(1-0) emission. This cloud is strongly irradiated by a young star cluster LH 72 within an expanding SGS, LMC 4. The results of our analysis are summarized as follow:
1. ALMA observations of N 55 reveal the clumpy nature of CO clouds in sub-parsec scales. The cloud properties are analyzed using dendrograms which give two sets of clumps, leaves and trunks. We use both leaves and trunks separately to understand their physical properties such as radii, linewidths, luminosities, masses, and their relation to star formation. We find that molecular cores (dendrogram leaves) that are associated with YSOs generally show larger linewidths and masses.
2. The 12 CO and 13 CO clump masses are determined by LTE and virial assumptions. These independent mass estimates show that the LTE masses of most of the clumps are in very good agreement with the virial masses, and the LTE versus virial mass plot can be fitted with a power law of M VIR =1.75M
0.68±0.12 LTE
, where the virial ratio is 1.12. The size-linewidth coefficient (σ 2 /R) shows a linear relation with mass surface density as in many Milky Way and LMC quiescent clouds, where mass surface density is determined by LTE method. These findings indicate that N 55 clumps are in self-gravitational virial equilibrium with negligible external pressure.
3. The size-linewidth relation is a power law with an index of 0.5±0.05, which is consistent with the the sizelinewidth relation of the Orion cloud, measured at similar spatial scale. This result strengthens our argument that N 55 clouds are gravitationally bound and the effects of any external pressure can be negligible. We present the size-linewidth relation of 12 CO clumps that are identified as dendrogram trunks whose power law relation does not show much difference from 13 CO clumps.
A power law relation between
12 CO virial mass and luminosity is presented, which gives an X CO factor of 6.5× 10 20 cm −2 (K km s −1 ) −1 . This value of X CO factor is two times the value of Orion cloud, measured for similar spatial scale. Seale et al. (2014) . c:
13 CO clump number IDs from Table 5 ; those with * are identified in 12 CO emission (Table 3, 6 ), but not in 13 CO.
5.
12 CO and 13 CO core mass functions show a turnover below 200M . This turnover separates the steep high mass end from the shallower low-mass part. The low-mass end of the 12 CO mass spectrum is fitted with a power law of index 0.5±0.1, while for 13 CO it is fitted with a power law index 0.6±0.2. The steep high-mass end is fitted with a power law index 2.0±0.3 for 13 CO clumps and 2.5±0.4 for 13 CO. Our studies show that clump mass function in N 55 shows trend similar to Galactic clouds. 
